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Graphite  fibers  of  less  than  10  microns  in  diameter  are  used  as  the  re¬ 
inforcing  agents  in  structural  epoxy  matrix  composite  materials.  Their 
efficiency  in  reinforcing  is  determined  to  a  large  degree  by  their  degree 
of  bonding  to  the  epoxy.  Commercial  surface  treatments  maximize  this 
adhesion  without  quantifying  the  interaction.  The  purpose  of  this  work  has 
been  to  relate  the  surface  composition  of  commercial  treated  and  untreated 
fibers  to  the  "real"  fiber  surface  incorporated  in  composites.  Hercules  A  and 
HH  fibers,  treated  and  untreated,  have  been  studied  usinn  X-rav  photoel eel rnn  - 
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spectroscopy  (XP$)  and  contact  angle  measurements  before  and  after  a  300°C 
vacuum  heat  treatment.  XPS  spectra  indicated  multiple  chemical  states  of 
carbon  and  oxygen  and  a  reduction  in  the  high  energy  binding  state  of  carbon 
on  the  treated  A  fiber  after  vacuum  heat  treatment.  Elemental  surface  con¬ 
centrations  have  been  calculated  using  corrected  XPS  peak  areas.  Contact  angles 
were  measured  on  these  same  fibers  using  a  micro-Wi lhelmy  technique  which 
incorporated  eight  liquids  having  a  wide  range  of  polar  to  dispersive  free 
energy  ratios.  Determination  of  the  fiber  surface  free  energies  and  the 
proportions  due  to  polar  and  dispersive  components  was  made.  Good  correlation 
was  found  between  the  oxygen  concentration  as  measured  by  XPS  and  the  change 
in  polar/dispersive  ratios  for  the  fibers  with  surface  treatments. 
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Graphite  fibers  of  less  than  10  n  in  diameter  are  used  as  the  reinforcing  agents  in  structural 
epoxy  matrix  composite  materials.  Their  elficiency  in  reinforcing  is  determined  to  a  large  de¬ 
gree  by  their  degree  of  bonding  to  the  epoxy.  Commercial  surface  treatments  mu\imi/e  tins  ad¬ 
hesion  without  quantify  ing:  the  interaction  The  purpose  of  this  work  has  been  to  relate  the  sur¬ 
face  composition  of  commercial  treated  and  untreated  fibers  to  the  “real"  fiber  surface  incor¬ 
porated  in  composites.  Hercules  A  and  HM  tibeis.  treated  and  untreated,  have  been  studied  using 
X-ray  photoelectron  spectroscopy  (XPSi  and  contact  angle  measurements  before  and  after  a 
300  (  vauium  heat  treatment  XPS  spectra  indicated  multiple  clumual  states  of '  carhon  and 
oxygen  and  a  reduction  in  the  high  energy  binding  state  of  carbon  on  the  treated  A  fiher  aftei 
vikuurn  heat  treatment.  Hcmcntul  surface  concentrations  have  been  calculated  using  conected 
XI’S  peak  areas  Contact  angles  were  measured  oil  these  same  fibers  using  a  micro- AVilhelmy 
technique  which  incorporated  eight  liquids  having  a  wide  range  of  po!a»  to  dispersive  free  ener¬ 
gy  ratios.  I >etci initiation  of  the  fiber  surface  free  energies  and  the  proportions  due  to  polar  and 
dispersive  components  was  made  Good  correlation  was  found  between  the  oxygen  concentra¬ 
tion  as  measured  by  XI’S  and  the  change  in  polar/dispersive  ,atios  for  the  fibers  with  surface 
treatments. 


1 .  Introduction 

Advanced  composite  materials  fabricated  with  graphite  liheis  and  polymeric  ma¬ 
trices  a.e  leliahle,  predictable  materials  used  as  structural  components  in  aircraft 
The  ability  of  these  composites  to  effectively  use  the  strength  and  stiffness  of  t licit 

1  Present  address:  Goodyear  lire  and  Rubber  ( ompany,  Akron.  Ohio  44  G6.  I  SA 
*  To  whom  all  conespondence  should  be  addiessed 
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graphite  reinforcing  fibers  depends  on  the  properties  of  the  matrix  material  and  the 
degree  of  bonding  between  fiber  and  matrix.  Many  studies  have  attempted  to  corre¬ 
late  liber  surface  properties  to  mechanical  properties  of  composites  but  they  have 
been  lor  the  most  pait  unsuccessful  in  providing  a  basic  understanding  of  the  specif¬ 
ic  interactions  that  occur  between  liber  and  matrix  at  the  composite  interface.  X-ray 
photoelectron  and  Auger  spectroscopic  analysis  of  graphite  fiber  surfaces  have  been 
made  and  have  noted  the  presence  of  surface  oxygen  on  graphite  fibers  [1  3).  Mea¬ 
surements  of  this  type,  however,  are  made  on  well  prepared  samples  in  a  vacuum 
environment.  It  is  not  known  if  the  fiber  surface  species  are  added  during  surface 
treatment  and  if  these  species  are  able  to  interact  with  the  composite  matrix  materi¬ 
al  after  they  have  been  exposed  to  the  ambient  environment. 

Polar/dispersive  surface  free  energy  analysis  determined  through  contact  angle 
measurements  has  the  potential  for  measuring  the  “effectiveness"  of  surface  groups. 
This  determination  is  done  in  the  ambient  air  environment.  Contact  angles  for  a  se¬ 
ries  of  liquids  of  known  polar  and  dispersive  free  energy  content  are  measured  gravi- 
metrically  on  the  fibers  of  interest.  The  fiber  polar/dispersive  free  energy  compo¬ 
nents  are  determined  through  analysis  of  the  data  according  to  the  method  proposed 
by  kaelhle  |4). 

The  purpose  of  this  work  is  to  determine  the  change  in  surface  composition  of 
various  graphite  fibers  with  treatment  by  XPS  and  to  measure  the  corresponding 
changes  in  the  polar/dispersive  nature  of  the  fiber  surfaces  through  contact  angle 
measurement. 


2.  Experimental 

2. 1.  ( iraphiti •  fibers 

Two  graphite  fibers  were  chosen  for  this  study.  They  were  made  from  polyacryl- 
omtiile  based  fibers  using  standard  carbonization  and  graphitization  techniques. 
One  fiber  was  grapliitized  at  approximately  1 500  C  and  was  designated  as  a  type  A 
fiber.  The  other  was  grapliitized  near  2600°C  and  was  designated  as  a  type  IIM  fiber, 
flic  main  structural  elements  of  the  graphite  fibers  are  graphitic  ribbons  which  lie 
roughly  parallel  to  the  fiber  axis.  These  ribbons  are  formed  of  graphitic  crystallites 
which  increase  in  size  with  increasing  graphitization  temperature  (i.e.  13  graphitic 
layers  anil  40  A  wide  for  1500°C  H.T.T.  versus  20  layers  thick  by  70  A  wide  for 
dfiOO'C  H.T.T.  material).  The  ribbons  undulate  and  twist  along  the  fiber  axis  and 
the  degree  of  alignment  varies  with  graphitization  temperature  such  that  the  type  A 
fiber  lias  graphitic  basal  planes,  edges  and  corners  comprising  the  fiber  surface  while 
the  more  graphitic  type  IIM  fiber  has  a  surface  composed  mostly  of  graphitic  basal 
planes.  Detailed  discussions  of  graphite  fiber  morphology  are  available  in  the  litera¬ 
ture  1 5  | . 

The  fibers  studied  here  were  supplied  untreated  (U)  and  surface  treated  (S)  by 
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the  manulacturer  with  his  piopnctary  piocess  in  promote  matiix  .nil  c.mii  •  ip. 
set  ot  lout  tillers  (All.  AS.  HMli  and  (IMS)  served  as  a  basis  loi  tins  s  t  r  i  ■  I  \  and  pm 
vitled  representatives  oi  practical  extrenies  in  physical  properties  and  sintace  iieai 
ments. 


2. 2.  XI'S  measurements 


The  XI’S  studies  of  these  tibeis  weie  peilorined  using  a  Physical  I  levlmi.im  In 
dust ries  model  15-255(1  double-pass  cylindrical  minor  analy/er  (CMA).  I  he  ana¬ 
lyzer  was  used  in  the  retarding  mode  with  pass  energies  corresponding  to  a  spec 
trometer  resolution  (fwhm)  of  1 .  2  or  4  eV.  Initial  studies  on  the  libers  "as  received" 
were  performed  using  a  Mg  X-ray  anode:  this  was  replaced  by  an  aluminum  anode 
before  the  effects  of  the  vacuum  heat  treatment  nl  the  fibers  were  studied,  and  so 
the  initial  studies  were  repeated  with  the  new  anode. 

Samples  for  the  XPS  studies  were  prepared  by  cutting  a  huge  numhei  of  liheis  to 
a  length  of  about  10  mm.  being  careful  to  avoid  handling  contamination,  and  placing 
them  in  a  nickel  holder  approximately  10  X  5  X  I  mm.  The  tibeis  were  then  held 
by  a  nickel  mask  which  fit  tightly  into  the  holder  over  the  liber  ends.  The  holdei 
was  then  fastened  to  a  standard  sample  carousel. 

The  vacuum  chamber  was  pumped  down  without  baking  to  a  pressure  of  I  X  1 0  H 
Pa  before  taking  the  spectra. 


2.  .i.  Pnlar/tlispcrsive  surface  free  energy  analysis 


Surface  energetic  analyses  of  the  graphite  libers  used  in  this  studs  wen  di  . 
mined  hy  measuring  the  contact  angle  of  a  variety  of  liquids  having  known  poiu, 
and  dispersive  components  of  their  total  surface  tree  energy  and  analyzing  the  ic 
suits  according  to  the  method  proposed  by  Kaelble  |4|. 

The  method  assumes  additivity  between  london  dispersion  i1*  and  kecsom  pol.ii 


71  being  equal  to  the  sum  of  the  polar  and  dispersive  components 


y[  =  7p  + 


( 1 1 


VT  =  ,P  + 

>S  Tg  +  7s 


I  2  I 


The  assumption  holds  for  low  energy  solids  like  polymers  where  the  suilacc  lice 
energy  under  ambient  atmospheric  conditions  is  practically  the  same  as  imdei  vani¬ 
llin.  It  is  assumed  that  this  holds  true  for  graphite  fibers  also  since  they  are  more 
similar  to  polymer  surfaces  than  the  high  energy  surfaces  where  this  assumption  is 
not  valid. 


1  Hercules  Inc..  Wilmington,  Delaware. 
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The  work  ol  adhesion  If  A  del  tiled  In 

If  A  "> |  (  I  +  on  ii)  (.3) 

in  introduced  and  in  substitution  the  lelationsliip  between  K'A  and  the  polar  and 
dispetsive  components  ol  the  solid  ol  interest  is  obtained 

lt  x  =  dtls'  V,‘'  ''  4  (4, 


which  reai  ranges  to 

h.lMcos'MlC.r’  ' )  =  ‘  2  +y$'  2(>,lM,)I/2  .  (5) 


whoe  -V]  .  >*’.  7*'  are  known  for  the  liquids  used  to  contact  the  surface  of  interest 
(table  I  |  and  h.  the  contact  angle  is  measured.  A  plot  of  7j  ( I  +  cos  0)/2>l  ver¬ 
sus  1 7 j’  17 J* ) I  3  wj||  yield  a  straight  line  with  the  slope  and  intercept  providing  a  so¬ 
lution  to  >J!  and  75  lot  the  surface  of  interest. 

Since  the  fibers  used  in  this  study  had  a  diameter  of  8  to  10  p.  optical  determi¬ 
nation  ol  the  contact  angle  was  not  feasible.  Instead,  gravimetric  determination  of 
the  contact  angle  was  made  using  a  microbalance.  Fig.  1  shows  the  experimental  ap¬ 
paratus  which  has  been  used  before  lb.7). 

A  single  liber  carefully  cut  and  handled  to  avoid  damage  or  contamination  was 
mounted  to  the  end  ol  a  small  nickel  ware  hook  with  a  cyanocrylate adhesive. (Scan¬ 
ning  Auger  microprobe  analysis  of  this  configuration  showed  no  migration  of  the 
adhesive  to  the  area  where  the  contact  angle  was  measured.)  The  fiber/hook  was 
then  suspended  on  the  arm  of  a  Calm  RG  microbalance.  A  container  of  the  liquid 
to  be  used  for  the  contact  angle  measurements  was  slowly  raised  to  the  fiber  tip.  At 
contact  the  microbalance  would  detect  a  change  in  force  due  to  the  wetting  of  the 


i  .il  l**  I 

Surljce  nee  energ>  components  of  reference  liquids  used  for  contact  angle  determinations 


Liquid 


(rnJ/m2) 


water 

72.8 

glycerol 

64.0 

ethylene  glycol 

48.3 

polypropylene 

uly col  PC;-|  20D 

.31.3 

lormamide 

58.3 

n-hexadecane 

27.6 

methylene  iodide 

50.8 

bruinonaphthalene 

44.6 

(inJ/in2) 

21.8 

51.0 

34.0 

30.0 

29.3 

19.0 

24.5 

6.8 

32.3 

26.0 

27.6 

0 

48.4 

2.4 

44.6 

0 
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tig.  1.  Schematic  diagram  of  the  micro-Wilheliny  technique  for  measuring  contact  angles  on  fi¬ 
bers. 


fiber  by  the  liquid.  The  liquid  was  raised  an  additional  0.5  mm  to  avoid  having  fiber 
end  effects  on  the  measurements.  This  force  was  recorded.  Between  five  and  ten  fi¬ 
bers  were  measured  for  each  liquid. 

The  measured  force  could  then  be  related  to  the  contact  angle  through  use  of 
equation: 

F  =  yL7T cl  cos  8  ,  (6) 

where  7  is  the  surface  free  energy  of  the  contacting  liquid,  J  is  1  he  diameter  ot 
circular  cross  section  fibers  and  8  is  the  contact  angle.  ii,  the  fiber  diameter  was  de¬ 
termined  for  each  fiber  with  a  Vickers  image  splitting  eyepiece  at  430X  after  the 
wetting  experiments  were  conducted.  Only  one  liquid  was  contacted  with  each  fi¬ 
ber  to  preclude  cross  contamination  or  artifactual  changes  in  fiber  surface  chemis¬ 
try.  7L,  the  surface  free  energy  for  all  the  liquids  used  was  checked  in  the  laboratory 
and  the  liquids  were  stored  in  sealed  dispenser  bottles  in  the  same  constant  temper¬ 
ature  and  humidity  environment  (22°C  ±  1/2°,  30S?  rh  ±  IS?)  used  for  the  wetting 
measurements.  Since  F,  >L,  and  cl  can  be  evaluated  independently,  cos  0  can  be  eval¬ 
uated  from  eq.  (6). 


3.  Results  and  discussion 

3. 1.  XPS  of  type  A  fibers 

X-ray  photoelectron  spectroscopy  (XPS)  measurements  showed  that  the  surface 
compositions  of  type  A  fibers  were  quite  different  before  and  after  surface  treat- 
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ment.  Typical  photoelectron  spectra  over  a  kinetic  energy  range  from  100  eV  to 
1 100  eV  are  shown  in  fig.  2.  Clearly  the  surface  concentrations  of  oxygen  and  ni¬ 
trogen  are  higher  on  the  AS  fibers,  fig.  2b,  than  on  the  AU  fibers,  fig.  2a.  The  larger 
oxygen  concentration  on  the  AS  fibers  is  not  unexpected  as  these  fibers  have  been 
surface  Heated  with  an  oxidation  technique.  The  source  of  the  nitrogen  is  not  known 
precisely  but  its  presence  could  indicate  that  the  fibers  were  oxidized  in  nitric  acid. 
The  surface  sodium  concentration  is  unexpectedly  high  and  is  probably  due  to  re¬ 
sidual  impurities  left  in  the  PAN  precursor  after  spinning. 

The  carbon,  sodium,  oxygen  and  nitrogen  Is  photoelectron  peak  energies  and 
full  widths  at  half  maximum  (fwlim)  were  measured  at  a  spectrometer  resolution  of 


1-ig.  2.  XPS  spectra  of  type  A  fibers  (a)  in  the  untreated  condition  (AU)  and  (b)  after  surface 
treatment  (AS).  Spectrometer  resolution  was  4  eV. 
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2  eV.  The  carbon,  oxygen  ami  sodium  peak  energies  agreed  within  I  eV  tor  the  fom 
sets  of  fibers  studied. 

C  alculations  have  been  made  of  the  surface  concentrations  of  oxygen,  mtiogen 
and  sodium  from  the  XI’S  data.  Cross  sections  were  taken  from  the  data  of  Scofield 
|K|.  A  semi-quantitative  comparison  of  fiber  surface  composition  was  made  by 
measuring  the  peak  area  above  background,  coriceting  for  elemental  sensitivities 
and  normalizing.  The  results  are  shown  in  table  2. 

The  oxygen  content  on  the  A  fiber  in  the  “as  received"  condition  increases  with 
surface  treatment  by  a  factor  of  two.  The  nitrogen  content  likewise  increases  from 
2  to  7 ''it.  Small  (=s3%)  but  significant  amounts  of  sodium  are  present  on  the  fiber 
surface. 

Nitrogen  is  almost  always  present  on  PAN  based  graphite  fibers  that  have  been 
graphiii/.ed  at  low  temperature.  Sources  of  nitrogen  could  be  residual  material  from 
ineffective  graphitization,  residual  impurities  left  in  the  fiber  from  the  spuming  op¬ 
eration  (e.g.  NaSCN)  or  the  result  of  surface  treatment.  The  nitrogen  peaks  observed 
here  on  both  the  AU  and  AS  fibers  were  within  0.4  eV  and  had  a  binding  energy  of 


Table  2 


Elemental  composition  of  graphite  fiber  surfaces  determined  by  integration 

nf  XI’S  peaks 

1  ibers 

C 

O 

Na  N 

S 

“as  received” 

AU 

Of 

9 

3  2 

AS 

70 

20 

4  7 

300’C  V.T. 

AU 

79 

14 

6 

2 

AS 

72 

18 

6  3 

600"C  V.T. 

AS 

84 

7 

5  3 

1 

750°C  V.T.  +  H2 

AS 

94 

3 

1  1 

1 

“as  received" 

HMU 

95 

5 

HMS 

89 

9 

- 

300°C  V.T. 

HMU 

96 

4 

- 

- 

HMS 

97 

3 

- 
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about  400  eV.  This  suggests  no  change  in  type  of  nitrogen  with  surface  treatment. 
Also  the  value  of  400  eV  corresponds  to  C -N  or  to  ('  Nil,  type  linkages  1 1 5  j . 
This  is  very  similar  to  the  nitrogen  photohne  detected  by  Barber  et  al.  |2).  Recent¬ 
ly.  Thomas  and  Walker  [3]  have  also  described  nitrogen  on  the  surface  of  AS  graph¬ 
ite  fibers  hut  have  attributed  the  spectra  as  characteristic  of  C  O  N  type  linkages 
hut  neither  binding  energies  or  spectra  were  given  in  the  publication.  Hopfgarten  1 1  ] 
has  detected  nitrogen  with  XPS  on  similar  graphite  fibers  at  400  eV  but  did  not 
speculate  on  its  source. 

The  distribution  of  the  sodium  within  the  sampling  depth  of  the  spectrometer 
for  these  fibers  was  determined  by  comparing  the  Na  2s  to  Na  Is  photoclectron  ra¬ 
tio.  The  2s  photoelectrons  have  a  kinetic  energy  of  1 190  eV  versus  180  eV  for  the 
Is  photoelectrons  and  therefore  an  escape  depth  two  and  one-half  times  greater. 
The  sodium  Is  to  2s  ratios  are  4.2  and  3.7  for  the  AU  fibers  and  2.0  and  1.8  for  the 
VS  fibers.  This  indicates  a  higher  surface  concentration  of  sodium  on  the  AU  fiber 
even  though  the  total  amount  detected  is  the  same  for  both  fibers. 

The  source  of  sodium  is  believed  to  be  residual  sodium-sulphur  salts  used  as  a 
coagulant  in  the  PAN  spinning  process.  Hopfgarten  [1 )  has  also  seen  these  species 
on  some  PAN  based  graphite  fibers  and  attributes  the  sodium  to  residual  sodium 
thiocyanate  used  in  the  PAN  polymerization.  Definitive  energy  assignments  were 
not  possible  here  because  of  the  low  signal  to  noise  ratio  attainable  Bulk  X-ray  anal¬ 
ysis  has  shown  levels  of  sodium  for  these  fibers  of  1  -  2000  ppm  [9).  Although  bulk 
concentrations  of  this  level  would  not  be  expected  to  give  appreciable  surface  con¬ 
centrations,  evidence  of  these  compounds  and  their  tendency  to  migrate  under  time- 
temperature  conditions  is  provided  in  the  literature  |10). 

An  attempt  was  made  to  distinguish  between  physisorbed  oxygen  containing 
species  by  vacuum  treatment  for  12  h  at  300°C.  This  treatment  was  not  conducted 
in  the  XPS  spectrometer  system  and  involved  air  and  moisture  exposure  prior  to 
XPS  analysis.  The  oxygen  concentration  for  the  AS  fiber  remained  about  the  same 
but  the  sodium  content  increased  (3  6%)  and  the  nitrogen  content  decreases 
(7-3%).  The  oxygen  content  on  the  AU  fiber  increased  with  this  treatment,  how¬ 
ever  leading  to  suspicions  that  the  air  and  moisture  exposure  after  300°C  vacuum 
treatment  may  have  oxidized  a  greater  portion  of  this  fiber  surface.  Support  for  this 
mechanism  can  be  seen  in  fig.  3.  The  O  Is  peak  after  300°  C  V.T.  (curve  a)  shows  an 
additional  shoulder  at  *  950  eV  not  present  in  the  “as  received"  state  (curve  b). 

The  stability  of  the  surface  species  was  investigated  by  treating  the  fibers  with 
high  temperature  vacuum  exposure.  One  sample  of  AS  fiber  was  treated  in  vacuum 
of  <  10  7  Torr  at  600°C  for  I  h.  Another  sample  was  treated  on  vacuum  of  <  10-7 
Torr  at  750°C  for  1  h  followed  by  exposure  to  hydrogen  at  750°C.  In  this  treatment 
the  amount  of  hydrogen  added  to  the  gas  phase  in  contact  with  the  fiber  at  750°C 
was  the  equivalent  of  one  monolayer  based  on  sample  size  and  surface  area.  The  re¬ 
action  products  resulting  from  this  exposure  as  determined  by  mass  spectrometric 
analysis  contained  significant  amounts  of  H2S  [11]. 

XPS  analysis  of  the  AS  fiber  after  both  of  these  treatments  was  determined  and 
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KINETIC  ENERGY,  eV 

F  ig.  3.  Oxygen  Is  spectra  of  AS  fiber  (a)  after  300'  C  V.T.  ami  (b)  in  the  "as  icceived"  sute 

the  results  tabulated  in  table  2.  The  600°C  V.T.  removed  over  hall  oi  the  surface 
oxygen  groups  but  did  not  appreciably  affect  the  intensity  ot  N  or  S  photolines 
Treatment  at  750°C  followed  oy  hydrogen  reduction  did,  however,  greatly  reduce 
all  of  the  surface  species.  The  oxygen  level  was  reduced  to  about  three  percent  and 
the  sodium,  nitrogen  and  sulphur  were  reduced  to  the  one  percent  level. 


1190  1205 


KINETIC  ENERGY,  eV 

Fig,  4.  Carbon  Is  spectra  of  AS  Fiber  (a)  after  750°C  and  hydrogen  treatment  (b)  after  600°C 
vacuum  treatment  and  (c)  in  the  "as  received”  state. 
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High  resolution  C  Is  spectra  show  that  the  removal  of  oxygen  species  with  treat¬ 
ment  is  paralleled  hy  a  narrowing  of  the  0  Is  peak  (fig.  4)  indicating  a  more  graph¬ 
itic  type  of  carbon  [12). 

.12.  XPS  of  HM  fibers 

Broad  scan  XPS  spectra  for  the  type  HMU  fibers  and  HMS  fibers  in  the  “as  re¬ 
ceived"  state  are  shown  in  fig.  5.  These  spectra  are  quite  different  than  the  spectra 
from  the  A  fibers  (fig.  2).  Oxygen  is  the  only  surface  species  detected  other  than 
carbon  on  these  surfaces.  The  surface  treated  HMS  fiber  has  more  oxygen  than  the 
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Pig.  5.  XPS  spectra  of  type  KM  fibers  (a)  in  the  untreated  condition  (HMU)  and  (b)  after  sur¬ 
face  treatment  (IIMS).  Spectrometer  resolution  was  4  eV. 
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untreated  libei  (VX  vctsus  5'? )  as  shown  in  table  2.  Niliogcn.  sodium  and  sulphur 
arc  not  present  probably  due  to  the  much  higher  giaphitt/ation  leinpciatuie  given 
this  fiber  (i.c  *  2f>00  (  I  even  though  the  I’AN  precursor  polymei  was  the  same. 

I  lie  carbon  and  oxygen  Is  photoelect  ion  peak  eneigics  and  lull  widths  .it  hall 
maximum  were  also  measured  at  a  spectrometer  resolution  of  1  eV.  The  carbon  and 
oxygen  peak  energies  from  the  different  libeis  were  within  0.2  eV  for  embon  and 
0.5  eV  for  oxygen.  I  he  fwlnn  for  carbon  and  oxygen  were  measured  to  be  1 .0  eV 
and  5.4  eV  respectively  The  fwhm  lot  oxygen  is  sinulai  to  that  from  the  AS  ami 
Al!  fibers,  but  the  twlim  for  carbon  is  considerably  narrower  than  that  Irom  the  AS 
and  All  fibers  ( I  .(>  eV  compared  to  2.25  eV).  fig.  6.  This  icsult  is  not  unreasonable 
as  the  higher  graphiti/ation  temperature  for  the  IIMSand  IIMU  libers  should  result 
in  more  truly  graphitic  surfaces. 

flic  sin  face  concentration  of  oxygen  determined  on  the  I1M  libers  in  the  “as  te- 
ceived"  state  (table  21  shows  that  the  surface  treatment  doubles  the  oxygen  conceit- 


tig  6.  Carbon  Is  spectra  for  (a)  type  AS  fibers  and  (b)  type  HMU  fibers.  Spectrometer  resolu¬ 
tion  was  1  eV 
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tration.  Treatment  at  300°C  in  vacuum  letiuces  the  surface  oxygen  content  on  both 
fibers.  Previous  work  [13]  has  shown  the  evolution  of  carbon  monoxide,  carbon  di¬ 
oxide  and  water  from  these  surfaces  at  temperatures  well  below  300  C  Likewise  es¬ 
timation  of  surface  energetic  heterogeneities  from  krypton  adsorption  isotherms  in¬ 
dicates  the  same  level  of  surface  heterogeneity  as  oxygen  content  determined  by 
XPS  (i.e.  1  -4 7r.  versus  3  4'3  ),  see  ref.  [  1 3 1 . 

3.3.  Potar/iJispersive  free  energy  analysis 

The  results  of  gravimetric  determinations  of  contact  angles  on  these  graphite  fi¬ 
bers  are  listed  in  table  3.  The  value  of  0  listed  is  calculated  from  eq.  (6)  and  is  the 
average  for  all  determinations  on  each  type  of  fiber  with  the  indicated  liquid,  fit 
general,  the  contact  angle  increases  with  increasing  surface  tension  of  the  contacting 
liquid  and  decreases  with  surface  treatment  for  each  fiber  type. 

Plots  were  made  according  to  eq.  (5).  Some  typical  plots  are  shown  in  fig.  7.  A 
best  fit  traight  line  is  determined  for  each  data  set  using  linear  regression  analysis 
and  the  slope  and  intercept  are  used  to  determine  the  75.  75  .  and  7g  lor  each  fiber 
and  treatment.  The  results  are  shown  in  table  4. 

Comparing  values  of  the  total  surface  free  energy  7J  for  the  fibers  and  surface 
treatments  studied  leads  to  trends  similar  to  those  observed  with  the  XPS  surface 
analysis.  That  is,  surface  treatments  increase  the  total  surface  free  energy  7J  over 
the  same  fiber  that  has  been  untreated  for  both  the  A  and  HM  fibers. 

Inspection  of  the  polar  (75)  and  dispersive  (75  )  components  of  the  surface  free 
energy  indicates  that  the  dispersive  portion  remains  unchanged  with  treatment  and 
that  all  of  the  change  in  7T  is  due  to  a  change  in  7P  the  polar  component.  This  was 
observed  by  Kaelble  [4 J  for  three  similar  fibers. 


Pig.  7.  Typical  plots  of  W 2  versus  2  for  AU,  AS,  HMU  and  HMS  fibers  in  the 

“as  received"  states  and  the  “best"  linear  regression  analysis  line  through  those  points. 
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Table  4 

Pnlar.  dispersive  and  total  surface  free  energy  of  graphite  fiber  surfaces 


libers 

Surface  free  energy 

(niJ/m2) 

7§  (tnJ/m2) 

(inJ/1112 

“as  received" 

Alt 

23.6  t 

2.6 

27.4  <  0.3 

51.0  *  2.6 

AS 

30.0  * 

1.7 

26.4  t  O.t 

56.4  *  1.7 

30U  C  V.T. 

At' 

24.1  • 

1.4 

26.3  ±  1.1 

50.4  t  1.4 

AS 

2b. 8  s 

1.4 

26.0  1  1.2 

52,8  4  1.4 

750  (  V.T.  +  llj 

AS 

12.3  t 

1.5 

32.3  i  1.5 

44.6  t  1.5 

"aii  received" 

IIMU 

8.1  i 

3.0 

33.0  t  1.2 

41.1  1  3.0 

II  MS 

20.7  t 

4.0 

28.2  t  0.3 

48.9  ±  4.0 

300  T  V.T. 

hmi: 

7.4  4 

0.9 

32.0  4  0.9 

39.4  4  0.9 

IIMS 

1 2.8  t 

1.7 

30.2  *  0.4 

43.0  4  1.7 

14.  Relationship  between  XPS  and  surface  energetics 

Surface  treatments  that  increase  the  surface  oxygen  content  as  determined  by 
XPS  also  increase  the  polarity  of  the  surface  as  detected  by  contact  angle  measure¬ 
ments.  Specifically,  for  the  A  fiber  in  the  “as  received"  state,  the  XPS  oxygen  con¬ 
tent  increased  from  1)'a  to  20 '/  with  surface  treatment  and  surface  energetic  analysis 
indicates  an  increase  in  of  from  24  to  30  mJ/m2  for  the  same  fibers.  XPS  of  the 
HM  “as  received"  fiber  showed  an  oxygen  increase  of  59f  to  W  with  surface  treat¬ 
ment  and  surface  energetic  analysis  indicates  an  increase  in  75  of  front  8  to  21 
in2. 

The  lack  of  proportionality  between  increases  in  polarity  with  increases  in  sur¬ 
face  species  is  not  unexpected  if  one  takes  into  account  the  nature  of  the  fiber  sur¬ 
face  and  the  type  of  measurements  conducted.  The  corners  and  edges  of  graphitic 
crystallites  arc  sites  for  oxidative  attack  [14|.  Although  the  crystallite  si/e  increases 
with  graphitization  temperature  (i.e.  70  A  versus  40  A)  there  are  less  exposed  cor¬ 
ners  and  edges  on  the  HM  fiber  because  of  the  better  circular  alignment.  Therefore, 
a  small  increase  in  surface  oxygen  would  be  dispersed  over  a  large  area  of  the  fiber 
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surface  and  would  no  expected  to  have  a  huge  ettect.  Whoieas  on  die  A  nhx*rs  a  hii- 
lional  oxygen  species  might  he  located  tieai  the  speues  already  present  and  com-- 
ipicnlly  their  eltcci  per  additional  atom  on  a  macro** opu  uiejsut  u.mu  Id  o  con 
tact  angles  would  deciease  with  incieasinu  surlace  population. 

The  „U)0  (  V.T.  suilace  CllCIgellC  Il'MiltS  also  111111111111  I'.  ICSIlIl  .  .! .  •  ,111,  , : 
M’S.  I  In.1  7^  loi  AS  is  sligliiiv  greater  than  lot  Al  treated  similarly  hut  m  In  ih  L 
less  than  citliei  liber  in  the  “as  icceived'  state.  I  lie  IIMII  ami  I  IMS  miner,  ol  >!’  an 
reduced  allei  Hit)  C  VI.  also.  Hie  AS  liber  heated  at  7.M)'  (  wiili  bmlioeen  di, 
plays  a  luige  decrease  (.to  to  I .!  m.l/rn- )  with  a  i eduction  m  surljcc  ox\  eui  oi  .‘o' 
lo  .t'  V . 

I  he  lelationslup  between  the  polai  component  oi  (lie  smt.ne  Iiee  eiicrex  -y^  ami 
the  suilace  composition  is  lepresemed  giaphically  m  fig.  S.  Ileie  the  polai  co.iipo- 
nenl  oi  the  suilace  tree  eucigy  Is  plolied  as  ordinate  veisus  aioiine  peiceiil  surlace 
oxygen  as  measuieu  by  M’S  as  abscissa.  I'oints  on  the  giaph  aie  lor  ihe  libei  sin  I.kcs 
nieasuiei)  based  on  the  data  in  tables  2  and  4.  1  lie  veiiic.il  and  hon/onia!  baison 
each  point  lepicsenl  the  eslintated  eiroi  associaled  with  c.u  h  measiiu  nienl 

It  is  obvious  Mom  the  data  dial  llieie  is  a  delnnle  lelalionsliip  neluccn  the  pol.n 
eoniponenl  ol  the  suilace  liee  eneigv  and  XI’S  nieusined  suilace  oxygen  content. 
A  lilgliei  >s  is  associated  with  a  laigei  percent  oxygen  ( Hie  complicating  cUc-.ts 
molecular  slates  ol  each  species  i.e.  mtiogcn  carbon  complexes,  sodium  oxxaii 
species,  etc  .  cannot  ne  evaluated  al  this  lime  because  ol  the  uisti.mienial  limit  a- 
lions. )  lloxvevei .  attempts  ai  rleiei  milling  }!;  as  a  nmclioii  ol  sm  lace  sites  would  have 
an  cllccl  only  on  t lie  AS  ami  AU  points  (as  icceived  and  .500  (VI  )  ami  wouUI  be 
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Fig.  8.  Hot  of  the  polar  component  of  graphite  filler  surface  free  energy  veisus  XPS  deter¬ 
mined  oxygen  content  for  all  graphite  fibers  and  treatments  studied. 
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expected  to  shill  then)  toward  the  ordinate  hut  would  not  be  expected  to  alter  the 
geneul  observed  correspondence  between  these  two  parameters. 

It  is  also  obvious  that  a  measurement  obtained  in  high  vacuum  (XI’S)  is  relatablc 
to  an  ait  determined  measurement  (75 ).  This  attests  to  the  efficiency  of  species  ad¬ 
ded  during  surlace  treatment  for  promoting  adhesion  even  though  these  surfaces  are 
exposed  to  be  ambient  air  environment  before  fabrication  into  a  composite. 


4  Conclusions 

Sin  lace  treatments  of  graphite  fibers  which  promote  better  fiber  matrix  adhe¬ 
sion  result  primarily  in  an  increase  in  surface  oxygen  concentration  as  measured  by 
XI’S  and  an  increase  in  the  total  surface  free  energy  of  the  graphite  fiber  surface  as 
determined  by  contact  angle  measurement.  The  change  in  the  total  surface  free 
energy  comes  about  primarily  through  an  increase  in  the  polar  component  of  the  fi- 
bet  surlace  tree  enetgy  .  Consequently  Tibet  surface  treatments  which  oxygenate  the 
sin  lac  e  ate  cftcclivc  m  promoting  increased  adhesion  by  increasing  surface  polarity 
as  vcc’ll  as  h\  meteasing  the  surface  concentration  of  oxygen. 

I  he  added  surlace  pinups  letain  theii  polar  character  alter  exposure  to  the  envi¬ 
ronment.  A  definite  lelationship  between  vacuum  measured  surface  groups  and  air 
meaxmed  macio  contact  angles  exists  for  all  of  the  fibers  and  surface  treatments 
measuied. 
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